The purpose of this study is to examine whether crude oil spot and futures prices of the same and different grades are cointegrated using a residual-based cointegration test that allows for one structural break in the cointegrating vector and high-frequency data. We choose the US WTI and the UK Brent as the representative crudes for this analysis since these two crudes have well-established spot and futures markets. We find that spot and future prices of the same grade as well as spot and futures prices of different grades are cointegrated. We examine potential causes of structural change as revealed by the cointegration test in terms of events that have impacted on world oil markets as well as discuss the implications of the results for hedge managers, investors and regulators.
Introduction
Over the past century commodity markets, including oil, have been traditionally very volatile (Pindyck, 2001) . High volatility levels, irregular patterns of production and seasonal effects make hedging in any available form, including financial derivatives, a vital necessity. In turn, financial derivatives such as futures or forward contracts, options and swaps depend on the underlying commodity and should reflect its spot price. There are several theoretical models in the literature that explain why we should expect a relationship between spot and futures prices. The precise nature of this relationship will depend on the nature of the commodity (i.e. storable or non-storable), its relative importance in the world economy, seasonal factors, market expectations and the random realization of the news. For spot and futures prices to be related, spot-future parity should exist, which is the essence of the law of one price in futures markets. Spot-futures parity implies that constant arbitrage opportunities based on the spot-futures relationship are not possible.
These ideas are also linked to the theories of storage developed by Kaldor (1939) , Working (1948 Working ( , 1949 , Brennan (1958) and Telser (1958) among others. In theory, the equilibrium futures price should be equal to the spot price plus the cost of carry, which is defined as the sum of the cost of storage plus the interest rate (Chance, 1991) . According to Leuthold et al. (1989, p.50) , ''because the costs of storage are fairly constant within the storage season, cash and futures prices of storables are functionally related by these costs and the set of prices move together as a cancellation.'' The theory of storage postulates that basis 1 as well as futures spread is related through the cost of storage, the convenience yield and the risk premium, which arises from holding a physical commodity in inventory form.
The magnitude and the sign of basis (i.e. backwardation or contango) is referred to as a signal of the shortage or surplus of the physical commodity in the market. Moreover, as the futures contract approaches its maturity date, the basis gets smaller, since the costs of storage are ''no longer a factor'' (Leuthold et al., 1989, p.50) . At maturity, basis diminishes to zero because spot and futures prices converge. If these price relationships do not hold, there are possible arbitrage opportunities in the market. Whether spot and futures prices are related also depends on expectations theory. If the market is efficient in the weak form, futures prices F t,t+k provide expectations about future spot prices at time t+k (Chance, 1991, p.337) . Therefore, there can be at least two formulations of the linear cointegrating relationship depending on which theory is assumed to be true.
The theoretical connection between spot and futures prices is a long-run, rather than short-run, concept. In the short-run, there might be deviations between spot prices and derivative prices. These deviations can be induced by thin trading, lags in information transmission, insufficient inventory levels and seasonal patterns of consumption. In the oil market, backwardation or the situation when futures prices are constantly below the respective spot prices is an example of a deviation that occurs in the short-run. In general, commodity spot prices, including oil, are more variable than futures prices in situations where positive shocks to demand for spot commodities increase convenience yield (Fama and French, 1988) . 2 This is because increases in demand for crude oil due to, say, seasonal factors, may lead to a decrease in inventory levels. Since, at every point in time, oil production is fixed, convenience yield will increase, immediately affecting the price. Moreover, the behaviour of prices during the life of the futures contract will also change, becoming more volatile as the time to maturity gets closer. While spot and futures prices might significantly diverge over the life of the futures contract, futures prices have to converge to spot prices once the contract expires. But, in the long-run, it can be argued that spot and futures prices are driven by the same fundamentals, such as interest rates, macroeconomic variables and oil reserves, because futures prices represent expectations of the future spot prices of the physical commodity. For this reason we should expect spot and futures prices for any commodity to be linked through a longrun equilibrium relationship. This relationship can be tested by examining whether spot and futures prices are cointegrated.
The purpose of this article is to study whether crude oil spot and futures prices of the same and different grades are cointegrated with one structural break in the cointegrating vector using the residual-based Gregory and Hansen (1996) cointegration test. Gregory and Hansen (1996) developed augmented Dickey-Fuller (ADF) and Phillips-Perron (PP)-based cointegration tests to test the null hypothesis of no cointegration against an alternative of cointegration in the presence of a regime shift in a series. The regime shift could occur in the intercept, trend or the entire cointegration vector. Our analysis is based on daily data for two crudes, WTI and Brent, which have well-developed spot and futures markets.
The rest of this article is structured as follows: Section 2 presents a brief literature review of existing studies that have applied cointegration tests to the oil market. Section 3 outlines the methodology employed in the article. Section 4 discusses the data, including potential structural breaks. Section 5 presents the results from the cointegration test. Section 6 discusses the implications of the results and Section 6 contains the conclusion.
Existing studies
There is a vast literature that explores whether spot and futures prices for oil are linked in a long-run equilibrium relationship. The early studies employed conventional cointegration tests such as those proposed by Engle and Granger (1987) and Johansen (1988) (see Serletis and Banack, 1990; Quan, 1992; Schwartz and Szakmary, 1994) . More recent studies have proposed augmented versions of the cointegrating relationship depending on whether the research is concentrated on futures market efficiency (Silvapulle and Moosa, 1999; Peroni and McNown, 1998; McAleer and Sequeira, 2004) and/or examination of the cost of carry hypothesis (McAleer and Sequeira, 2004) . A limitation of these studies is that despite the existence of a potential structural break in oil price data, this literature does not accommodate a structural break in the cointegrating vector. In conventional cointegration analysis cointegrating vectors are assumed to be time invariant. This means that the long-run relationship between the variables is assumed unchanged. However, as pointed out by Hansen (1992) , this might or might not be true in the presence of structural breaks. It is possible that if the long-run relationship between the series changed due to a break, then the time-invariant formulation of the cointegrating vector will no longer be appropriate. The only study that has employed a cointegration framework that is robust to structural breaks to examine whether there is a long-run relationship between crude spot and futures oil prices is Cunado and Perez de Gracia (2003) . That study employed the Gregory and Hansen (1996) residual-based cointegration test to examine whether there is a long-run relationship between various combinations of national oil prices, the world oil price, inflation rates and industrial production for 15 European countries. For most countries Cunado and Perez de Gracia (2003) could only establish a relationship between inflation and national oil prices.
Summarising, we identify the following gaps in the literature. First, Cunado and Perez de Gracia (2003) is the only study that has applied a cointegration test with structural breaks to oil price data. In contrast to that study, which employed monthly data, in this article we use daily data on spot and futures prices to obtain potential gains in power of the test from the increased data frequency. Second, few studies have examined cointegration between spot prices for one crude and the futures prices for another crude. Exceptions are Sequeira and McAleer (2000) , Asche and Guttormsen (2001) and Silvapulle and Moosa (1999) . However, none of these studies have allowed for a structural break in the cointegrating vector. This article intends to fill these gaps by applying cointegration methodology that is robust to the presence of structural breaks to test for a long-run relationship between spot and futures prices of the same grades and different grades for WTI and Brent, using data that are sampled at higher frequency than have been employed in previous studies.
Methodology
The conventional Engle and Granger (1987) bivariate cointegration procedure without a structural break is a test for a unit root based on the residuals from the regression below:
(1)
In this regression y 2t $I(1) and e t $I(0). Assuming that the residuals follow a AR(1) process such that ê t ¼ rê tÀ1 +v t , the null hypothesis entails testing whether the error term is stationary or r ¼ 1. We can restate the hull hypothesis as Ho: 1Àr ¼ 0 in the equation:
where v t is white noise. White noise might represent too strong a restriction, therefore, when it is violated, Eq. (2) is augmented by additional lags:
Residual-based cointegration tests such as that proposed by Engle and Granger (1987) assume that cointegrating vectors are constant over time. However, if there is a regime shift in the series, there will be a shift in the cointegrating vector as well. In such circumstances, these traditional tests will lead to incorrect inferences about the long-run relationship of the series. Moreover, according to Phillips (1986) , if a structural break exists in the data, but is omitted from the cointegration relation, this can lead to spurious rejections when the null of no cointegration is wrongly rejected. For the Engle and Granger (1987) test, such spurious rejections tend to occur for breaks that are located either too early in the sample or when the magnitude of the break increases. Thus, the power of the Engle and Granger (1987) test to find cointegration is severely affected by the presence of breaks in the level or the trend function in the cointegration relationship. Gregory and Hansen (1996) addressed this issue and proposed a residual-based cointegration test that takes into account regime shifts either in the intercept or the entire vector of coefficients. Gregory and Hansen analysed four models and then tested the null hypothesis of no cointegration. Model 1 (Eq. (1)) is the standard cointegration model where no changes in the intercept or a trend function are allowed under the null hypothesis. The other three models include shifts in either the intercept (Model C) or trend (Model C/T) or shifts in the intercept and slope (Model C/S). Model C/S is unique in the sense it allows the longrun equilibrium relationship to rotate as well as shift in parallel fashion. The break point t in any model is determined endogenously within the data series.
Model C can be expressed as
Model C/T can be represented by
Model C/S is
In these three models above, the structural break is modelled by the introduction of a dummy variable f tt , which takes values (0,1) depending on the nature of the structural break. In all four models postulated, the null hypothesis of no cointegration can be tested by examining whether the residuals of the ordinary least-squares (OLS) regression applied to Eqs. (1) and (4)-(6), respectively are stationary processes or that e t $I(0). The procedure for calculating the test statistic for each possible regime shift tAT involves four steps. In essence it involves the search for the smallest value of either the modified PP (Z n a and Z n t ) or ADF (ADF*) test statistic across all possible break points:
ADFðtÞ
Overview of the data
We use daily spot and futures prices at 1 and 3 months to maturity for the two benchmark crudes over the period spanning January 1991-November 2008. We chose the US WTI and the UK Brent as the representative crudes for this analysis since these two crudes have well-established spot and futures markets. WTI futures are traded on the NYMEX and Brent futures are traded on the Intercontinental Exchange (ICE). The source for the spot prices is the Energy Information Administration (EIA), while futures prices were taken from NYMEX and ICE. For all of the series WTI was priced higher than Brent.
Figs. 1-3 plot spot prices and futures prices at 1 and 3 months to maturity. From January 1991 to September 2001 there were small shocks that affected the mean value of prices, but prices returned to the mean value of approximately 20 USD with different speeds of adjustment. Over the period, from September 2001 to November 2008, the behaviour of oil prices drastically changed and became more volatile. During this timeframe, oil prices were governed by cycles of local upward and downward trends initiated by a particular shock. For example, while prior to 2001 oil prices were mean reverting, from 2001 until July 2008 the prices were on an upward trend. The duration of these cycles substantially differs from time to time and is dependent on the nature of the shock. More adverse shocks caused longer cycles. The downward shocks were generally more abrupt than the upward shocks, which in turn were more cumulative. included into the analysis. That is we do not analyse the impact of the first Gulf war and the drastic price decrease in 2008. An example of the abrupt downward movement in both spot and futures was a big drop in price on 17 September 2001 when the New York Stock Exchange and the NYMEX reopened after 11 September 2001 for the first time. An example of a series of cumulative upward movements was an increase in prices from May 2003 until prices reached a peak in December 2003. This implies that in the oil market it is possible to have one large shock (such as the first or second Gulf war) as well as a series of combined smaller shocks that change the trajectory of prices. Similar conclusions can be drawn from an examination of futures prices at all maturities. That is, futures prices for the two different crudes and different months to maturity respond to shocks in the same manner. Moreover, futures respond to the same shocks as spot prices. Both spot and futures prices are very volatile and are characterised by large jumps, particularly in the later time period of the sample. If there was a large jump in the spot market, this immediately translated into a jump in the futures market. There are no separate jumps that occur in one market only.
There are several potential structural breaks that have impacted on oil prices over the period studied. We hypothesise that the regime shifts will reflect events that have impacted directly on oil markets, rather than events not directly related to oil markets, but which have affected the economy more generally. The reasoning is that events that have impacted directly on oil markets are more closely tied to oil prices, while the impact of more general events are indirect. A prime example of a direct event is the second Gulf War in March 2003, which caused an immediate drop in oil prices. In the few months prior to the War, WTI and Brent futures prices increased due to fears of market participants that Iraq's oil pipelines and oil fields would be destroyed in the first days of the war. However, this did not happen. Indirect effects that impacted on the economy, or financial markets more generally, were the Asian financial crisis and Russian default, the 11 September 2001 terrorist attack and the outbreak of severe acute respiratory syndrome (SARS) in 2002.
We also hypothesise that events that were connected to oilproducing countries or the largest consumers of oil, such as the United States, will have a greater impact on oil prices than events unrelated to the oil market. For example, unrest in Venezuela, in the first 6 months of 2002, caused an increase in oil prices. This was not a separate event, but a series of events in Venezuela that kept oil markets in a perpetual state of unrest. Similarly, disruptions to oil supply in Nigeria in April-May 2007 had a similar effect on oil prices. In addition, extreme weather conditions in the United States have had an impact on the oil prices. 
Results
Prior to employing the Gregory and Hansen (1996) cointegration test, we employed the conventional ADF and PP unit root tests as well as the Lagrange multiplier (LM) unit root test with one structural break proposed by Lee and Strazicich (2003) to establish the order of integration of the variables. The results are not reported to conserve space, but the findings for all three unit root tests suggest that spot and futures prices at 1 and 3 months to maturity for the two benchmark crudes are integrated of order one (I(1)). We tested for a bivariate cointegration relationship using the Gregory and Hansen (1996) test for spot prices and futures prices for the same grade of crude oil as well as spot prices and futures prices for different grades of crude oil; that is, spot WTI and futures prices for Brent at 1 and 3 months to maturity and spot Brent and futures prices for WTI at 1 and 3 months to maturity In the case of conflicting test results, we based our conclusions on the Z t statistic, which according to Gregory and Hansen (1996) , is the most powerful of all the three statistics considered. The results are presented in Tables 1-4.
We find that spot and future prices of the same grade, as well as spot and futures prices of different grades, are cointegrated. For almost all of the series the same break dates were estimated by the Z t and Z a statistics for the same model. The break date suggested by the ADF statistic often occurred within at least 1 month of the date of the break estimated by the ADF and the Z t /Z a tests for the same model, although it sometimes varied by as much as a year. Another important feature of our results is that the Z a test statistic in some cases was extraordinarily large, particularly in those cases when both the ADF and the Z t test statistics were significant at the 5 per cent level. This can be attributed to the high degree of autocorrelation in the series. It should also be noted that the dates of the break do not need to be exact. That is the break date say in January could be a reflection of the events occurring several months prior to the break date. In addition not only actual events could trigger the break, but also anticipation of such events could trigger the break.
The majority of the break points across the models fall in 2003. As hypothesised these break dates reflect events directly related to oil markets, in particular the second Gulf War, events in major oil-producing countries or events directly related to oil markets in the United States. In March 2003 the Second Gulf war begun and there was an outbreak of violence in the Nigerian region of the Niger Delta, which led three oil major companies to shut down 
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Implications of the results
Here we discuss implications of our results for arbitrage opportunities and portfolio diversification. We also discuss implications of our results for the Efficient Market Hypothesis. Our results suggest that spot and futures prices are governed by the same set of fundamentals, such as the exchange rate of the US dollar, macroeconomic variables and demand and supply Note: *and ** denotes statistical significance at 1% and 5% level, respectively. Note: *and ** denotes statistical significance at 1% and 5% level, respectively. conditions, which are similar and interrelated in North American and European markets for crude oil. As stated above, cointegration implies the existence of a long-run relationship between two or more non-stationary series. Therefore, it is related to arbitrage, which is a representation of a long-run steady-state equilibrium relationship in a particular market (Karbuz and Jumah, 1995, p. 237) . Arbitrage can be formally defined as any activity that would generate a riskless profit through substitutability between spot and futures markets (Schwartz and Szakmary, 1994) . If two markets are cointegrated, in the long-run arbitrage is the force that brings these markets together (Narayan and Smyth, 2005) . As oil spot and futures prices are cointegrated, the potential for making riskless excess profits on, say, the WTI spot market based on information from the Brent futures market is limited in the long-run. The fact that in some of our models, the break points were found to be statistically significant indicates that the equilibrium relationship between spot-spot, spot-futures and futures-futures pairs changed during the sample period. Therefore, the appropriate cointegration model between the oil price series should include a structural break. This finding can be related to the properties of the convenience yield and the risk premium on the oil market. Masih and Masih (2002) suggested that cointegration of commodity markets does not exist if there is either a non-stationary risk premium or a non-stationary convenience yield. Since we found all bivariate relationships to be cointegrated, this is an indication of a stationary risk premium or convenience yield. Our findings are of relevance to energy hedge funds, which tend to be long in the market (Fusaro and Vasey, 2004a) . In past years energy hedge funds as well as macro funds have been very active on the spot and futures markets contributing to greater intra-day activity. The recent tendency for these funds is to purchase physical and oil and gas reserves as well as assets across the energy value chain from downstream to upstream (Fusaro and Vasey, 2004b) , which will affect prices for these two commodities in the future. Interestingly enough, in the literature there has been little research on trading strategies based on cointegration. According to Alexander et al. (2002) , a great deal of trading is still done based on the correlation between assets, which is commonly used by market participants to select financial assets for portfolio diversification. In this sense, cointegration is superior to correlation analysis in terms of selection of assets for one's portfolio. This is because portfolios selected on the basis of correlation might hold in one period, but break down in the next (Wilson, et al., 2003) . If the researcher uses standard cointegration techniques when there is a structural break, this can be misleading since the cointegration vector has changed. In our analysis all of the series are cointegrated with a structural break, which means that the equilibrium relationship between spot and futures pairs changed at least once over the sample period. Therefore, the correct formulation of the cointegrating relationship of oil prices in the portfolio should include a structural break, otherwise it will be specified incorrectly. However, the existence of the cointegrating relationship does not mean that opportunities for portfolio diversification are endless.
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Finally, we comment on our results in terms of market efficiency. Futures market efficiency can be defined as the combined efficiency of the commodity spot and futures markets. In the weak form it can be tested by either risk premium or costof-carry approaches (for details see Fama and French, 1988) . If two markets are cointegrated each market contains information on the common stochastic trends, which bind the stock market prices together, meaning that the predictability of each stock market can be enhanced through using information contained in the other stock market. Granger (1986) suggests that cointegration between two prices reflects an inefficient market on the basis that if two prices share a common trend in the long-run, this implies predictability of each price's movement, which indicates that one market may be caused by another. Newberry (1992) suggests that futures markets provide opportunities for market manipulation. According to this view, the futures market can be manipulated either by the better informed at the expense of the less informed or by the larger at the expense of the smaller. For example, OPEC may find it profitable to intervene in the futures market to influence the production decisions of their competitors in the spot market (Silvapulle and Moosa, 1999) . If markets are inefficient the policy implications are that that there is a greater role for regulation to improve information flows and reduce market manipulation (Stout, 1995) . The preferable view, and the view with which the weight of opinion now lies, is that finding cointegrating oil price pairs does not necessarily mean that futures markets efficiency holds. This is because cointegration does not imply efficiency or inefficiency (Crowder and Hamed, 1993; Masih and Masih, 2002) . Masih and Masih (2002) suggest that a market is inefficient only if by using the predictability, investors can earn risk-adjusted excess returns, but predictability does not necessarily say anything about risk-adjusted excess rates of return. Masih and Masih (2002, p. 87 ) take the example of spot and forward prices. The spot price might diverge from the forward price for a number of reasons. One reason would be a nonstationary risk premium, or in the case of storable commodities, a convenience yield, and/or another relevant omitted variable. If the premium is zero and/or stationary and there is no third variable, cointegration might exist, although even if there is cointegration one cannot conclude whether the market is efficient or inefficient. In addition, market efficiency assumes risk neutrality, rationality on the part of economic agents and knowledge of the past history of oil spot and futures prices as well as other publicly available information. These are not assumptions made in cointegration tests.
Conclusion
The purpose of this study was to examine whether crude oil spot and futures prices of the same and different grades are cointegrated with one structural break in the cointegrating vector using the residual-based Gregory and Hansen (1996) cointegration methodology. We chose the US WTI and the UK Brent as the representative crudes for this analysis since these two crudes have well-established spot and futures markets. We found that spot and future prices of the same grade as well as spot and futures prices of different grades are cointegrated. We have discussed potential causes of structural change as revealed by the Gregory and Hansen (1996) test in terms of events that have impacted on world oil markets as well as the implications of our results for hedge managers and investors.
Future research could proceed in several directions. One of the limitations of the current study is that we only allow for one structural break in the cointegrating vector when there is no reason to think there is just one break. Future research could employ the residual-based cointegration test with two structural breaks recently developed by Hatemi-J (2008) . Second, future research could examine the long-run and short-run relationship between oil production and oil futures prices. Since crude oil production is constrained at any point of time, it is possible that in the short-run futures prices can become disconnected from actual production levels and be driven more by news, profit considerations and other variables than actual production. Recent studies have employed threshold cointegration tests to examine the relationship between crude oil prices and retail gasoline prices (Chen et al., 2005; Grasso and Manera, 2007) . The relationship between crude oil production and futures prices could also be examined using asymmetric cointegration techniques.
Third, falling levels of production in Brent and WTI have acted as a catalyst for the establishment of new futures contracts that depend on different types of oil and not just Brent and WTI. For example, in 2004 China commenced trading oil on the Shanghai Futures Exchange. In 2007, the first Middle East crude oil futures contract based on Oman crude commenced trading on the Dubai Mercantile Exchange. As further observations for these nascent futures contracts become available, future studies could examine the long-run relationship between crude oil spot and futures prices for a panel of crudes using panel cointegration techniques such as those proposed by Pedroni (1999) or Westerlund (2006) . This would further understanding of the relationship between different prices and production for crude oil of different grades and different countries of origin.
